Microbial oxidation and precipitation of manganese at deep-sea hydrothermal vents are important oceanic biogeochemical processes, yet nothing is known about the types of microorganisms or mechanisms involved. Here we report isolation of a number of diverse spore-forming Mn(II)-oxidizing Bacillus species from Guaymas Basin, a deep-sea hydrothermal vent environment in the Gulf of California, where rapid microbially mediated Mn(II) oxidation was previously observed. mnxG multicopper oxidase genes involved in Mn(II) oxidation were amplified from all Mn(II)-oxidizing Bacillus spores isolated, suggesting that a copper-mediated mechanism of Mn(II) oxidation could be important at deep-sea hydrothermal vents. Phylogenetic analysis of 16S rRNA and mnxG genes revealed that while many of the deep-sea Mn(II)-oxidizing Bacillus species are very closely related to previously recognized isolates from coastal sediments, other organisms represent novel strains and clusters. The growth and Mn(II) oxidation properties of these Bacillus species suggest that in hydrothermal sediments they are likely present as spores that are active in oxidizing Mn(II) as it emerges from the seafloor.
Deep-sea hydrothermal vents are a major source of dissolved Mn(II) for the world's oceans (14) , and Mn has long been used as a valuable tracer of hydrothermal vent emissions (2, 8, 15, 21, 22, 29) . Hydrothermal fluids mix with oxygenated seawater in hydrothermal plumes, where dissolved Mn(II) is oxidized and precipitated by microorganisms to form particulate Mn(III/IV) oxides. These biogenic minerals are biogeochemically important because they can scavenge and/or oxidize a number of elements and compounds (38) and because they contribute to metalliferous sediments and deposits that are widespread in areas surrounding midocean ridges and back arc basins (14, 22) . Although bacteria are known to catalyze Mn(II) oxidation in many environments (38) , including deepsea hydrothermal vents (7, (9) (10) (11) (12) 27) , very little is known about the organisms or mechanisms involved in this oxidation/precipitation process.
Guaymas Basin (GB) in the Gulf of California ( Fig. 1) is a hydrothermally impacted, semienclosed basin where Mn(II) oxidation and precipitation of Mn oxides are particularly intense (7) . It is an unusual hydrothermal system due to its close proximity to the coast, where high sedimentation rates maintain a thick blanket of organic compound-rich sediment over the ridge axis. Hydrothermal solutions ascend through and react with this overlying sediment, resulting in fluids that emerge from the seafloor and are enriched in Mn relative to Fe (42) , a condition which may favor bacterially mediated Mn(II) oxidation (27) . Indeed, a previous geochemical modeling study showed that Mn(II) oxidation rates are very high in GB hydrothermal plumes, and scanning electron microscopy of the resulting Mn oxide particles revealed Mn oxide-encrusted bacteria, providing evidence that Mn(II) oxidation is bacterially mediated (7) .
The goal of the work described here was to identify bacteria involved in the rapid Mn(II) oxidation and precipitation observed in GB hydrothermal sediments and plumes. Because Mn(II)-oxidizing bacteria are polyphyletic and difficult to identify based on 16S rRNA gene sequences alone, we employed culture-based methods. Many phylogenetically diverse Mn(II)-oxidizing bacteria were identified; here we describe one of the most abundant cultured groups, spore-forming Bacillus species. It has been known for some time that there are marine Bacillus spores that catalyze Mn(II) oxidation (31, 33) , and many diverse Bacillus species produce spores that oxidize Mn(II) (19) . Bacillus sp. strain SG-1 is one of the most-studied model Mn(II)-oxidizing bacteria (1, 18, 31, 33, 40, 41) and is thought to oxidize Mn(II) via the multicopper oxidase MnxG (40, 43) , which is deposited on the outermost layer of the spore coat (exosporium) during sporulation (18) . The predicted amino acid sequence of MnxG has several short but highly conserved copper binding motifs that are characteristic of multicopper oxidases, a diverse family of enzymes that use multiple types of copper ions as cofactors in the oxidation of a wide variety of organic and inorganic compounds (36) . The research presented here expands the previously recognized diversity of Mn(II)-oxidizing Bacillus spores and is the first to identify functional genes involved in Mn(II) oxidation from a deep-sea hydrothermal vent environment.
2,000 m. Seawater to be used for culturing was transferred directly from Niskin bottles to sterile 50-ml centrifuge tubes. The presence of particulate Mn oxides in hydrothermal plumes was confirmed by filtering ϳ10 liters of water onto a 0.22-m membrane and then adding 10 l leukoberbelin blue (LBB) spot test reagent (24) directly to the filter and observing the reagent form a dark blue color. Background nonplume samples were obtained from deep water with no turbidity anomaly. Sediment samples were collected by push cores with the DSV Alvin, and the temperature of the sediments was measured in situ with a titanium thermocouple on the robotic arm of Alvin. Onboard ship, the surface sediments from the cores were transferred to sterile Eppendorf tubes and diluted with sterile seawater. To select for spores, some samples were incubated (pasteurized) at 80°C for 20 min. Seawater and diluted sediment samples were spread on Lept, J, J-acetate, J-succinate, M, or K medium plates. Lept medium (4) contained 10 mM HEPES (pH 7.5) and 100 M MnCl 2 . J, M, and K media (30) were modified by adding 20 mM HEPES (pH 7.8) and 100 M MnCl 2 after autoclaving. J-acetate and J-succinate media were J medium supplemented with 10 mM acetate and succinate, respectively. Plates were incubated at either room temperature or 4°C. Mn(II)-oxidizing strains were isolated based on the formation of brown Mn oxides on colonies, which were confirmed to be Mn oxides with LBB (24) . Cell morphology was determined by examining isolates by light microscopy; spore-forming organisms were apparent due to the presence of phase-bright spores. Growth experiments were conducted in 10 ml K medium incubated with shaking at 150 rpm at room temperature, 37°C, 50°C, 55°C, or 60°C. The optical density at 600 nm was determined every 6 to 12 h using a Spectronic 20 spectrophotometer (Milton Roy Company).
DNA extraction, PCR, cloning, and sequencing. DNA extraction, PCR, and TOPO cloning of 16S rRNA (primers 27f and 1492r) and mnxG (primers MnxGIf and MnxGIr) genes were performed as described previously (19) . Initially, no mnxG PCR products were obtained from strains GB02-25, -27, and -31, but mnxG was successfully amplified by using degenerate primers MnxGUf (CAGRTGRATRTGCTGGCCGAT) and MnxGBr1 (RAAIARRTGTRCRTG RAARAA). Both strands of 16S rRNA gene PCR products were sequenced with the 27f, 338f, 536r, 1074r, 1055f, and 1492r primers. mnxG genes were TOPO cloned into pCR2.1 and sequenced with the M13f and M13r primers. Sequencing was done with either an Amersham Pharmacia Megabace 500 (Scripps Institution of Oceanography Marine Biology Research Division) or ABI 3100 (Sequegene, Inc., and Center for AIDS Research at University of California, San Diego) automated sequencer. Phylogenetic analysis. 16S rRNA genes were aligned with the program Sequencher, and alignments were checked and edited manually. MnxG amino acid sequences were aligned with the program Clustal X (http://www-igbmc.u-strasbg .fr/BioInfo/ClustalX/Top.html) using default settings, with the following exceptions: for pairwise alignment parameters, the gap opening was set to 1.00 and the gap extension was set to 0.01; and for multiple-alignment parameters, the gap opening was set to 1.00 and the gap extension was set to 0.10. PAUP (version 4.0b10) was used to generate phylogenetic trees for both 16S rRNA and MnxG sequences. Trees were constructed by using neighbor joining (see Fig. 2 ) and maximum parsimony; these two methods gave similar results.
Spore purification and Mn(II) oxidation assays. Spores were purified as described previously (33) , except that the 0.15 M NaCl wash was supplemented with 0.3 to 1 mM ascorbate to remove Mn oxides formed during culturing. Mn(II) oxidation rate assays were performed in 500-l reaction mixtures containing 3 M CuCl 2 , 800 M MnCl 2 , and 20 mM HEPES (pH 7.8) in MilliQ-filtered water. Reaction mixtures with no spores were incubated at 4°C, room temperature, 37°C, 50°C, or 70°C for equilibration, 100 l of purified spores was added to each mixture, and then the mixtures were incubated for 10 h at the same temperatures. The relative quantity of Mn oxides formed was determined by adding 50 l of the assay mixture to 250 l of LBB reagent (24) and measuring the absorption at 620 nm with a Perkin-Elmer Lambda Bio UV/VIS spectrophotometer. All reactions were performed in triplicate.
Nucleotide sequence accession numbers. All 16S rRNA gene sequences have been deposited in the GenBank database under the nucleotide sequence accession numbers shown in Table 1 . The accession numbers for the mnxG nucleotide sequences are as follows: DQ079011 for GB02-2A, DQ079012 for GB02-8B, DQ079013 for GB02-12, DQ079014 for GB02-14C, DQ079015 for GB02-16, DQ079016 for GB02-21B, DQ079017 for GB02-25, DQ079018 for GB02-27, DQ079019 for GB02-30, and DQ079020 for GB02-31.
RESULTS AND DISCUSSION
GB in the Gulf of California is a semienclosed basin with a sediment-covered hydrothermal system, and previous studies have suggested that in this area bacteria play an important role in the rapid oxidation and precipitation of hydrothermally de- rived dissolved Mn(II) (7, 27) . Despite the important role of bacteria in the oxidation and precipitation of Mn at GB and other deep-sea hydrothermal vents (7, (9) (10) (11) (12) 27) , little is known about the organisms or mechanisms involved in this biomineralization. The objective of this study was to identify Mn(II)-oxidizing bacteria in GB hydrothermal sediments and plumes. Hydrothermal plumes were detected based on turbidity anomalies, and the presence of a large standing stock of particulate Mn oxide was confirmed by filtering plume water onto 0.22-m filters. The brown particulate matter that collected on filters was determined to be Mn oxide based on the LBB test (24) and rapid dissolution and disappearance of the brown color upon addition of ascorbic acid. All detectable particulate Mn oxide passed through a 5-m filter but was trapped on a 0.22-m filter, which is consistent with previous observations that Mn oxides at GB are dominated by bacterium-size particles. Isolation and diversity of Mn(II)-oxidizing Bacillus spores from sediments and plumes. Mn(II)-oxidizing bacteria are known to be polyphyletic, which makes it difficult to identify them based on 16S rRNA sequences alone, so we focused on culture-based approaches. A large number of heterotrophic Mn(II)-oxidizing bacteria were isolated, including ␣-and ␥-proteobacteria (especially Pseudoalteromonas and Microbulbifer spp.). Here we focus on one of the most abundant groups of bacteria that we isolated, endospore-forming Bacillus species, which were cultured from high-and low-temperature sediments, as well as from hydrothermal plumes and nonhydrothermally affected deep waters (Table 1) . In general, the number of Mn(II)-oxidizing colonies obtained from hydrothermal plumes was greater than the number of Mn(II)-oxidizing colonies obtained from nonplumes and the number of Mn(II)-oxidizing colonies obtained from hydrothermal sediments was greater than the number of Mn(II)-oxidizing colonies obtained from cold sediments (Table 2 ). To specifically select for sporeforming bacteria, some sediment samples were incubated at 80°C for 20 min (Table 1) . Based on microscopic and 16S rRNA sequence analyses, all Mn(II)-oxidizing colonies examined after this treatment were spore-forming Bacillus species. More than 25% of the colonies recovered from hydrothermal sediments after heat treatment oxidized Mn(II), whereas only 6.7% of the colonies recovered from nonhydrothermal sediments subjected to the same heat treatment oxidized Mn(II) ( Table 2) .
Analysis of 16S rRNA genes of the Mn(II)-oxidizing spores from GB revealed that while many of them fall into clusters defined in a previous study of Mn(II)-oxidizing Bacillus spores from coastal sediments (19) , many others represent distinct lineages (GB02-14C) and two new clusters (GB02-2A, -25, -27, and -46B; and GB02-16, -18, -20, and -30) (Fig. 2A) . Several of the isolates were found to have identical 16S rRNA genes (Table 1) . A number of isolates (GB02-10, -11, -12, -12A, -12B, -14B, -15, -21B, -21C, -26A, -26B, -26C, -40A, -40B, and -40C) from GB fell into the PL-12 cluster, a phylogenetically tight (26) . Three of these Mn(II)-oxidizing isolates (GB02-16, -18, and -20) have identical 16S rRNA gene sequences and were isolated on Lept freshwater medium, but they also grow on the seawater-based K medium. Five GB isolates (GB02-5, -8A, -8B, -8C, and -8D) have identical 16S rRNA gene sequences that fall into the SG-1 cluster.
mnxG, a gene believed to encode a multicopper oxidase that catalyzes Mn(II) oxidation in Bacillus sp. strain SG-1 (40, 43) and other Mn(II)-oxidizing Bacillus strains (19) , was amplified from all GB Mn(II)-oxidizing isolates, indicating that these deep-sea hydrothermal vent isolates likely share a copper-dependent mechanism of Mn(II) oxidation with previously characterized Mn(II)-oxidizing Bacillus spores. mnxG could not be amplified from non-Mn(II)-oxidizing Bacillus spores (19) , and mnxG is not present in the genomes of any non-Mn(II)-oxidizing Bacillus species sequenced to date, suggesting that mnxG is a good genetic marker for the ability of Bacillus spp. to oxidize Mn(II). We were unable to amplify mnxG with primers mnxGIf and mnxGIr from several of our Mn(II)-oxidizing isolates, so we designed new degenerate primers targeting conserved copper-binding regions. The degenerate primers yielded good amplification of mnxG from diverse Mn-oxidizing sporeformers, suggesting that these primers may be suitable for amplifying mnxG directly from environmental DNA in order to obtain a culture-independent view of the diversity of this gene in the environment.
Phylogenetic trees constructed based on predicted MnxG amino acid sequences (Fig. 2B) are very similar to trees based on 16S rRNA genes ( Fig. 2A) , which is consistent with the hypothesis that there has been no extensive horizontal transfer of mnxG genes in these organisms (19) . However, there are a few exceptions among the GB isolates. Based on 16S rRNA, GB02-2A falls near the PL-12 cluster ( Fig. 2A) , whereas the MnxG phylogeny places it with the GB02-16 cluster (Fig. 2B) .
Also, the MB-9 MnxG sequence does not group with the "halo" cluster as it does when 16S rRNA is used. The "halo" cluster is a group of organisms so named because of the ability of its members to grow under high-salt conditions (19) . In view of MB-9's lower tolerance for salt (19) and its only loose phylogenetic affiliation, it seems that this isolate should not be considered a member of the "halo" cluster. More phylogenetic analysis with additional genes is required to resolve the exact phylogenetic relationships among the deeply branching Mn(II) oxidizers (MB-9) and the organisms for which 16S rRNA and MnxG sequences give different results (GB02-2A).
Growth and Mn(II) oxidation properties of Bacillus isolates. Due to the ability of Bacillus spores to persist under harsh conditions over long periods, it is not clear whether the GB isolates are metabolically active as vegetative cells in the sediments and plumes where we isolated them or if they are deposited in these areas with sinking organic matter from surface waters or river runoff. To address this question, we determined the growth characteristics of a selection of isolates at a range of temperatures. Several strains (including GB02-8B and -27) had an optimum growth rate at 50°C, while other isolates grew best at room temperature or 37°C (e.g., GB02-12) (data not shown). These results indicate that the organisms are mesophiles or perhaps slight thermophiles, suggesting that while the GB Mn(II)-oxidizing Bacillus isolates may be able to grow in some of the moderately hot sediments sampled, they were most likely present only as spores in sediment samples at temperatures above 60°C (Table 1) . Spore-forming Bacillus species capable of Mn(II) oxidation seem to be able to grow at wide ranges of temperatures and salt concentrations (19) , which makes it difficult to infer whether these organisms are specifically adapted to marine and/or hydrothermal environments.
Regardless of whether the Bacillus isolates are metabolically active in GB hydrothermal sediments and plumes, Mn(II)-oxidizing activity is associated with the spores and is therefore likely to occur in a wide range of conditions. To verify that Mn(II)-oxidizing activity could occur at high temperatures, we assayed Mn(II) oxidation by purified spores of several isolates at 4, 25, 37, 50, and 70°C. The activity-versus-temperature profile varied for different spores, but there was always significant activity at 50°C and there was usually significant activity at 70°C (Fig. 3) . However, there was no clear correlation between the optimal growth temperature and the optimal temperature for Mn(II) oxidation. Nevertheless, together with the Mn-oxidizing spores from other deep-sea hydrothermal vents. Because GB represents a unique deep-sea hydrothermal vent environment, we sequenced the 16S rRNA genes from several Mn(II)-oxidizing bacteria from our culture collection isolated on previous expeditions to hydrothermal vents at the Juan de Fuca Ridge (B. Tebo, unpublished results). Two of these isolates were spore-forming bacilli; one fell into the PL-12 cluster, and one fell into the SG-1 cluster. The third isolate was also a gram-positive bacterium and was most closely related to Microbacterium oxydans (34) . Results from our laboratory indicate that Mn(II)-oxidizing spores of Bacillus species can also be isolated from Vailulu'u (A. Templeton and B. Tebo, unpublished results), an underwater volcano in the South Pacific (37) . Thus, Mn(II)-oxidizing Bacillus spores seem to be widespread in deep-sea hydrothermal vent environments.
Our results show that diverse Mn(II)-oxidizing Bacillus spores with mnxG multicopper oxidase genes can be isolated from GB hydrothermal sediments and plumes, extending the previously recognized diversity of Mn(II)-oxidizing Bacillus spores and mnxG genes. Although there have been several brief descriptions of isolation of Mn(II)-oxidizing bacteria from deep-sea hydrothermal vents (13, 16, 17) , this study provides the first 16S rRNA gene-based identification of such bacteria. The mnxG multicopper oxidase genes reported here are the first functional genes involved in Mn(II) oxidation to be recovered from deep-sea hydrothermal vents, where bacteria are thought to play a crucial role in mediating rapid Mn(II) oxidation and precipitation of Mn oxides on massive, globally distributed scales. Mn(II)-oxidizing Bacillus spores exhibit extremely rapid and stable Mn(II)-oxidizing activity, and their presence in GB hydrothermal sediments and plumes could significantly contribute to the rapid Mn(II) oxidation that takes place at GB.
Bacillus species are generally recognized as organisms that are ubiquitous in many environments and have been isolated from marine sediments (3, 35) and several deep-sea hydrothermal vents, including Guaymas Basin (5, 28) . However, few studies that we are aware of have addressed the numerical or biogeochemical significance of Bacillus spores in the marine environment, especially in the water column. One possible explanation for the presence of Bacillus spp. in the water column at GB is that they are attached to suspended particulate matter (6) , which could include fine sediment particles entrained by ascending hydrothermal fluids. Previous work in our laboratory demonstrated that a significant fraction of Mn(II)-oxidizing activity in coastal San Diego sediments is heat resistant, which is consistent with catalysis by a spore coat enzyme (25) . Our results suggest that Bacillus species (and gram-positive organisms in general) could play important but previously unrecognized roles in biogeochemical cycles in the oceanic water column. More cultivation-independent studies using molecular and biogeochemical approaches are needed to determine whether Bacillus spores such as those identified here significantly affect Mn biogeochemistry in Guaymas Basin and other deep-sea hydrothermal vent environments.
